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SUMMARY 

An experimental investigation of an 8. 5-inch- (21. 59-cm-) mean-diameter, two- 
stage, axial-flow turbine was conducted to determine the effect of a change in Reynolds 
number on the performance of a turbine of this type and size. The investigation was 
conducted with cold argon over a range of inlet pressures from about 1. 0 to 9. 0 psia 
(0. 68 to 6.2 N/cm^ abs) with corresponding Reynolds numbers from 18 000 to 177 000. 
(Reynolds number, as used herein, is defined as the ratio of the mass flow to the product 
of viscosity and rotor mean radius, where the viscosity is determined at the turbine- 
inlet condition. ) At each value of turbine-inlet pressure, data were taken at design 
equivalent speed and various pressure ratios. 

Results of the investigation indicated that at design equivalent speed and pressure 
ratio an increase in Reynolds number resulted in a 5. 8 percent increase in mass flow 
over the range of Reynolds number covered. This variation occurred because of the de- 
creased stator viscous losses and in a manner similar to that predicted from reference 
fluid meter data. The total efficiency at design equivalent speed and pressure ratio in- 
creased from 0. 82 to 0. 88 with an increase in Reynolds number over the same range. 

The corresponding static efficiency increased from 0. 80 to 0. 86. This increase in effi- 
ciency was attributed to the associated decrease in viscous losses since the rotor reac- 
tion was independent of Reynolds number. 

The variation in loss with change in Reynolds number agreed well with a theoretical 
variation, wherein 0. 7 of the loss was attributed to viscous losses and the remaining 0. 3 
was attributed to other losses which are independent of Reynolds number. This variation 
is similar to that for two reference radial turbines investigated over a comparable range 
of Reynolds number. 



INTRODUCTION 


Turbines designed for Brayton-cycle space power systems are currently being in- 
vestigated at Lewis. Included in this program is a reference two-shaft system which 
uses a small high-speed turbine to drive the compressor and a low-speed turbine to 
power the alternator (ref. 1). The low power output of this type of system (characteris- 
tically, 1 to 10 kW) requires that the associated turbines (in particular, the alternator 
drive turbine) operate at low Reynolds numbers. 

Both radial-inflow and axial turbines have been investigated in the past to determine 
the influence of Reynolds number on efficiency (refs. 2 to 6). Results of these studies 
indicate a deterioration in performance as Reynolds number is reduced below a certain 
level. In addition, studies, such as those in reference 7, indicate that the efficiency 
level of the turbines for this application is important. 

As a result of these investigations, it was considered important to determine the ef- 
fect of Reynolds number on the performance of the alternator drive turbine specifically 
designed for the aforementioned reference Brayton system. The aerodynamic perfor- 
mance of this 8. 5-inch- (21. 59-cm-) mean-diameter, two-stage, axial-flow turbine at 
approximately the design Reynolds number of 49 500 is presented in reference 8. (Reyn- 
olds number as used herein is defined as the ratio of the mass flow to the product of vis- 
cosity and rotor mean radius, where the viscosity is determined at the turbine-inlet 
condition.) This report presents the results of the extension of this investigation to 
encompass Reynolds numbers considerably above and below the design value, obtained 
by varying the turbine-inlet pressure. Performance tests of the turbine were made with 

argon as the working fluid at a turbine-inlet temperature of 610° R (339° K) and at five 

o 

values of inlet pressure ranging from about 1. 0 to 9.0 psia (0. 68 to 6. 2 N/cm abs). At 
design equivalent speed and pressure ratio, this range of inlet pressure corresponds to 
a range of Reynolds number from about 18 000 to 177 000. (Results of the tests near the 
design Reynolds number of 49 500 are presented in ref. 8 and are repeated herein. ) At 
each inlet pressure, data were obtained at design equivalent speed over a range of pres- 
sure ratios. The results of the investigation are presented in terms of equivalent mass 
flow, efficiency, and a loss parameter. Aerodynamic losses in the subject turbine are 
then compared with those measured in reference radial- and axial-flow turbines. 


TURBINE DESCRIPTION 

The turbine used in this investigation was the same as that described in reference 8. 
For convenience, however, design values, velocity diagrams, and some of the more im- 
portant features of the turbine are repeated herein. Design point values with argon as 
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the working fluid and also the air -equivalent (U. S. standard sea-level) design values are 
as follows: 


Argon: 

Turbine rotative speed, N, rpm 

Specific work, Ah, Btu/lb (J/g) 

Mass flow, w, lb/sec (kg/sec) 

Inlet total temperature Tl, °R (°K). . . . 
Inlet total pressure, Pp psia (N/cm abs) 

Blade -jet speed ratio, v 

Reynolds number, Re = w/gr m 

Total to total efficiency, 77 ^. 

Total to static efficiency, 77 

Total- to total-pressure ratio, Pj/P^ • • • 

Total- to static -pressure ratio, P^/Pg • • 
Air equivalent (U. S. standard sea level): 


Rotative speed, N $ cr , rpm 

Specific work, Ah /0 , Btu/lb (J/g) . . . 

Mass flow, ew ^ cr y/s, lb/sec (kg/sec) . . 

Torque Te/6, in. -lb (N-m) 

Total- to total-pressure ratio, pi/pl 

1 D, 6C[ 

Total- to static -pressure ratio, Pj/Pg e q- 
Blade -jet speed ratio, v 


12 000 

. 15.04 (35.010) 
. 0.611 (0.277) 
. 1685 (936. 11) 
. .8.45 (5. 826) 

0.465 

49 500 

0. 850 

0. 825 

1.2469 

1.2542 

7554 

. 5.96 (13.874) 
. 1.537 (0.697) 

108. 12 (12.216) 
1.225 

1.233 

0.465 


Equivalent pressure ratios were calculated from equivalent specific work in air and with 
the assumption of no change in efficiency when argon or air is used as the working fluid. 

The design velocity diagrams are presented in figure 1. The diagrams indicate a 
conservative aerodynamic design with a relatively low level of velocity through both 
stages and a large amount of reaction. 

The stator design is conventional; 44 blades for the first stage and 40 blades for the 
second stage give respective values of solidity at the mean diameters of 1. 57 and 1. 56. 
The rotor design incorporated 36 blades in each of the two stages with tip diameters of 
9. 7 and 9. 8 inches (24. 64 and 24. 89 cm) for the first and second stages, respectively. 
The resulting values of solidity at the mean diameter were 1. 3 and 1. 4. The rotor as- 
sembly is shown in figure 2. Two characteristic features of both rotors are the large 
amount of blade twist and the comparatively low value of solidity at the tip, both of which 
contribute to a short guided channel in the region of the blade tip. 

Figure 3 presents a cross-sectional view of the turbine showing the arrangement of 
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C-66-3770 

Figure 2. - Two-stage turbine rotor assembly. 
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the blading and the gas flow passages. These passages have a sharp, radially outward 
turn immediately downstream of the second- stage rotor. However, the sudden change 
in flow direction caused little loss in total pressure because of the low level of gas ve- 
locity. This result is verified by the results presented in reference 8. 


APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE 

The apparatus consisted of the turbine, an airbrake dynamometer to absorb and 
measure the power output of the turbine, and an inlet and exhaust piping system with flow 
controls. A schematic drawing of the experimental equipment is shown in figure 4. 


\t 


Electric 
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_ Argon from high- 
' pressure supply system 


Flat-plate 

orifice 


Gas filter 

To low-pressure exhaust / 
system and control valves - 1 




-Air from high-pressure 
supply system 





Figure 4. - Schematic of test equipment. 
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Pressurized argon was used as the driving fluid for the turbine. The argon was piped 
into the turbine through an electric heater, a filter, a mass-flow measuring station that 
consisted of a calibrated flat-plate orifice, and a remotely controlled pressure-regulating 
valve. The gas, after expanding through the turbine, was passed through a remotely con- 
trolled exhaust valve and into the laboratory low-pressure exhaust system. With a fixed 
inlet pressure, the remotely operated valve in the exhaust line was used to obtain the de- 
sired pressure ratio across the turbine. 

The airbrake dynamometer, which was cradle mounted to measure torque, absorbed 
and measured the power output of the turbine and, at the same time, controlled the speed. 
The force on the torque arm was measured with a commercial strain-gage load cell. 
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Figure 5. - Experimental turbine test setup. 


The rotational speed was measured with an electronic counter in conjunction with a mag- 
netic pickup and a shaft -mounted gear. The turbine test facility is shown in figure 5. 

The measuring stations are shown in figure 3. A detailed description of the instru- 
mentation is given in reference 8. Briefly, instrumentation was installed at the turbine 
inlet (station 1) and immediately downstream of the second- stage -rotor trailing edge 
(station 5) to determine both the static and total efficiencies. 

2 

The absolute values of the pressures below about 3. 5 psi (2. 4 N/cm ) were mea- 
sured by the use of manometer tubes containing a fluid of low specific gravity (1. 04) and 

o 

evacuated to a pressure of about 10 microns of mercury (0. 00013 N/cm ) on the refer- 
ence side of the tube. Higher pressures were measured by pressure transducers and to- 
gether with all other data were recorded by an automatic digital potentiometer and pro- 
cessed through an electronic digital computer. 

Performance data were taken at an inlet total temperature of about 610° R (339° K) 

and at eight values of inlet pressure ranging from about 1. 0 to 9. 0 psia (0. 68 to 6. 2 

o 

N/cm abs). This variation in inlet pressure resulted in a range of Reynolds number 
from 18 000 to 177 000 at design equivalent speed and pressure ratio. (Reynolds number 
as used herein is defined as Re = w/jur m , where the viscosity is determined at the 
turbine-inlet condition. ) The values of inlet total pressure and temperature along with 
corresponding Reynolds numbers at design equivalent speed and pressure ratio are shown 
in table I. At each inlet pressure, data were obtained at design equivalent speed and over 
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TABLE I. - INLET CONDITIONS CORRESPONDING 


TO REYNOLDS NUMBERS INVESTIGATED 


[inlet total temperature, 610° R (339° K).] 


Reynolds number, 

Inlet total pressure 

Re 

psia 

o 

N/cm abs 

18 000 

0. 98 

0.68 

28 000 

1.49 

1.03 

a 47 400 

a 2. 50 

1. 72 

62 000 

3. 19 

2.20 

97 000 

4. 95 

3.41 

137 000 

7.00 

4.83 

159 000 

8.02 

5. 53 

177 000 

9.01 

6.21 


a Obtained from ref. 8. 


a range of total- to static -pressure ratio. The range of pressure ratios differed for the 

various inlet pressures because of limitations of the airbrake dynamometer. However, 

all pressure ratios were within the range of 1. 08 to 1. 65. 

Friction torque of the bearings and seals was measured by the method described in 

reference 8. A friction torque value of approximately 1. 0 inch-pound (0. 113 N-m) was 

obtained at design equivalent rotative speed. This value corresponds to about 16. 2 and 

1. 3 percent of the turbine work at turbine-inlet absolute pressures of 1. 0 and 9. 0 psi 
o 

(0. 68 and 6. 2 N/cm ), respectively. The friction torque was added to the shaft torque 
to obtain the turbine work. 

Turbine efficiency was computed as the ratio of actual turbine work to ideal turbine 
work. The turbine was rated on the basis of both total and static efficiency. Turbine- 
inlet and turbine -outlet total pressures were calculated from values of mass flow, static 
pressure, total temperature, and flow angle. 


RESULTS AND DISCUSSION 

The subject turbine was investigated over a range of inlet pressures from approxi- 

2 

mately 1. 0 to 9. 0 psia (0. 68 to 6. 2 N/cm abs) at design equivalent speed and at various 
pressure ratios. For operation at design equivalent pressure ratio, this range of inlet 
pressures corresponds to a range of Reynolds number from about 18 000 to 177 000i 
Performance results near design Reynolds number of 49 500 were obtained from refer- 
ence 8. Results are presented in two sections. First, the performance of the subject 


9 



axial-flow turbine is discussed. Then the performance of the subject turbine is compared 
with that of several other turbines. 


Turbine Performance 


Figure 6 shows the variation of equivalent mass flow eVJ ^® cr f § with equivalent 
turbine exit-static- to inlet -total-pressure ratio, for operation at design equivalent speed 



Figure 6. - Variation of mass flow with pressure ratio and turbine-inlet total pressure at 
design equivalent speed. 
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and at eight values of turbine-inlet pressure. For any given inlet pressure, the varia- 
tion of mass flow with pressure ratio is typical of subsonic turbines. At any pressure 
ratio, there is a small increase in equivalent mass flow with an increase in turbine-inlet 
pressure. In addition, design equivalent mass flow of 1. 537 pounds per second (0. 697 
kg/sec) was not obtained over the range of inlet pressures investigated. As stated in 
reference 8, the deficiency in mass flow was attributed to the flow areas in the blade 
rows being from 3 to 8 percent smaller than design. 

The variation in equivalent mass flow with Reynolds number at design equivalent 
pressure ratio is shown in figure 7, which is a cross plot of figure 6. As shown in fig- 
ure 7, there was an approximate 5. 8 percent increase in equivalent mass flow when 
Reynolds' number was increased from 18 000 to 177 000. 


J o 


.75 


.70 


.65 
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Figure 7. - Variation of mass flow with Reynolds number at design 
equivalent speed and pressure ratio. 


The reaction across the first-stage stator was determined from the static-pressure 
measurements in order to determine the principal cause for this mass-flow variation. 
Within experimental accuracy, this reaction was unchanged over the entire range of 
Reynolds number covered, which indicates that the flow variation was attributable to de- 
creased viscous losses within the stator. This flow variation was then compared with 
that predicted by using long-radius flow nozzle criteria, as presented in reference 9. 
These calculations indicated a coefficient of discharge varying from approximately 0. 92 
to 0. 97 over the Reynolds number range covered, which agrees closely with that obtained 
in the subject investigation. 

The variations of total and static efficiencies with blade -jet speed ratio for the eight 
values of turbine-inlet total pressure are shown in figure 8. As shown in the figure, the 
range of blade-jet speed ratios was limited when operating at either the smaller or 
larger values of turbine-inlet pressure. As mentioned in APPARATUS, INSTRUMENTA- 
TION, AND TEST PROCEDURE, these restrictions were the result of limitations of the 
airbrake dynamometer. The total efficiency curves show similar trends for all inlet 
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Efficiency 

□ Total - 
O Static 


(a) Tu rbine-in let total pressure, 0.98 psia {0.677 N/cm 2 abs}, 
corresponding to Reynolds number of 18 000 at design 
blade-jet speed ratio. 



(b) Turbine-inlet total pressure, 1.49 psia (1.03 N/cm 2 abs), 
corresponding to Reynolds number of 28 000 at design 
blade-jet speed ratio. 



corresponding to Reynolds number of 47 700 at design 
blade- jet speed ratio. 



.8 


.7 


.6 
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.3 .4 .5 .6 .7 

Blade-jet speed ratio 

(e) Turbine-inlet total pressure, 4.95 psia (3.41 N/cm 2 abs) , 
corresponding to Reynolds number of 97 000 at design 
blade -jet speed ratio. 



(f) Turbine-inlet total pressure, 7.00 psia (4.83 N/cm 2 
abs), corresponding to Reynolds number of 137 000 
at design blade-jet speed ratio. 



(g) Turbine-inlet total pressure, 8.02 psia (5.53 N/cm 2 
abs), corresponding to Reynolds number of 159 000 
at design blade-jet speed ratio. 




Blade- jet speed ratio 


(d) Turbine-inlet total pressure 3. 19 psia (2.20 N/cm 2 abs), (h) Turbine-inlet total pressure, 9.01 psia (6.21 N/cm 2 

corresponding to Reynolds number of 62 000 at design abs), corresponding to Reynolds number of 177 000 

blade-jet speed ratio. at design blade-jet ratio. 


Figure 8. - Performance characteristics over range of turbine-inlet pressures. 
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pressures. These curves indicate a maximum value of efficiency at or near the design 
value of blade-jet speed ratio. The static-efficiency curves show trends similar to those 
of the total-efficiency curves with a difference between the two curves of only about 
2 percentage points near design blade-jet speed ratio. This small difference results 
from the low levels of exit kinetic energy. 



Figure 9. - Effect of Reynolds number on turbine efficiency at design equivalent speed and 
pressure ratio. 


Figure 9 presents the variation of total and static efficiencies with Reynolds number 
at design equivalent speed and pressure ratio. The trend of increasing efficiency with 
increasing Reynolds number is quite apparent from both curves. For the range of Reyn- 
olds number covered in the investigation, there was an increase in total efficiency from 
about 0. 82 to 0. 88 and a corresponding increase in static efficiency from about 0. 80 to 
0 . 86 . 

It was found possible in reference 6 for turbine performance to deteriorate very 
rapidly at Reynolds numbers below 60 000 and for the turbine to operate at any one of 
several efficiencies at any given blade-jet speed ratio. This latter phenomenon was at- 
tributed to varying amounts of negative reaction across the rotor, with the resultant 
varying degrees of flow separation at the rotor exit. However, such effects were not 
encountered in the subject investigation even though correspondingly low Reynolds num- 
bers were covered. We concluded that the relatively high blade reactions prevented the 
occurrence of these unusual effects in the subject turbine investigation. 


Performance Comparison with Reference Turbines 

The subject turbine is compared with four other turbines, two (refs. 2 and 3) of the 
radial-inflow type and two (refs. 4 and 5) of the axial-flow type. Performance data are 
presented for the turbines at their respective design equivalent speeds and pressure 
ratios and over a range of Reynolds number comparable to that of the subject investiga- 
tion. 
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Figure 10. - Comparison of loss ratios as function of Reynolds number at design 
equivalent speed and pressure ratio. 


Compari son with radial-inflow turbines. - In figure 10, the subject turbine is com- 
pared with the two radial-inflow turbines, all of which are included in the investigations 
of the 10-kilowatt Brayton-cycle system and components. Performance is expressed in 
terms of a loss ratio (1 - pp/(l - r\ ^ rg ^) where 1 - was evaluated at a reference 

Reynolds number of 177 000. The figure shows the variation of this loss ratio with the 
Reynolds number ratio Re/Re re ^ and indicates good agreement between the subject tur- 
bine and either of the reference turbines. 

As shown in reference 10, the variation between loss ratio and Reynolds number can 
be expressed by an equation of the form 


1 -^t 
1 - \ ref 


= A + B 



where viscous losses due to skin friction are associated with the Reynolds number term, 
and where the values of the constants A and B depend on the relative values of viscous 
losses and design factors, such as rotor-blade tip clearance, blade surface diffusion, 
and loading. Figure 10 shows a theoretical curve which expresses this relation with 
values assigned to the constants as follows: A = 0. 3 and B = 0. 7. Excellent agreement 
is evident between the theoretical curve and the experimental curves of the subject and 
reference turbines. The experimental curves of the subject turbine and of the radial tur- 
bine of reference 3 coincide. 

Comparison with reference axial-flow turbines. - In addition to the comparison just 
made, it is of interest to compare the trends of efficiency loss with Reynolds number for 
the subject turbine with those obtained for reference axial-flow turbines. Two such tur- 
bines are described in references 4 and 5 where the efficiency was constant beyond a 
certain Reynolds number level (ref. 5) or was essentially independent of Reynolds num- 
ber over the range covered (ref. 4, turbine without downstream stator). 
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Adjusted Reynolds number, Re ad j 
( b) Adjusted Reynolds number. 

Figure 11. - Comparison of loss ratio as function of Reynolds number 
at design equivalent speed and pressure ratio. 


Figure 11(a) presents a loss ratio (1 - 77 ^.)/ (1 - 77 ^. re £) as a function of Reynolds 
number as defined herein for the subject and reference turbines. The value of 1 - 77 ^ re j 
was determined from the maximum efficiency obtained. A good correlation is not ob- 
tained, which indicates that certain factors required for such a correlation were not in- 
cluded. 

There are many factors that could affect the correlation of loss with Reynolds num- 
ber. One effect might be the turbine reaction, which was substantially different for the 
turbines studied. For example, whereas the subject turbine had high reaction through- 
out, the turbine of reference 5 had a slight negative reaction across the rotor. Another 
consideration, however, is that of the definition of Reynolds number as used for the cor- 
relation. This definition, w/jur, was obtained from the fundamental relation pV c//i 
under the assumption that the geometry of the turbine would not differ greatly. (See refs. 
2 and 11.) Among these geometric parameters was the blading aspect ratio d which, 
in general, varies within reasonably close limits. However, for the axial turbines being 
compared herein, the aspect ratios differ considerably, with that of reference 5 being 
exceptionally low. Accordingly, inclusion of the aspect-ratio variation might improve 
the loss correlation. 

Examination of the Reynolds number equations indicates that if aspect ratio is con- 
sidered as a variable the expression would involve this parameter as (w / /d) ■ 
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Therefore, the Reynolds numbers of the two reference turbines were adjusted to com- 
pensate for the differences in aspect ratio by using the following relation: 

^subject turbine 
adj reference turbine . 

•'“reference turbine 

For this calculation, the value of aspect ratio used was the average of those for the 
stator and rotor. Figure 11(b) presents the loss ratio for the three turbines as a func- 
tion of the adjusted Reynolds number. Here it is shown that the curves, and in particu- 
lar that of the reference 5 turbine, shift over to a point where a reasonably good corre- 
lation is obtained. 

The results just described must, to some extent, be considered qualitative since the 
level of Reynolds number for maximum efficiency for two of the turbines was not deter- 
mined and since the value of maximum efficiency for the subject turbine was not estab- 
lished. The comparisons were made principally to indicate the need for proper consid- 
eration of the Reynolds number definition when attempting a correlation where various 
turbine designs are considered. 


SUMMARY OF RESULTS 

The effect of Reynolds number on the performance of an 8. 5-inch- (21. 59-cm-) 
mean-diameter, two-stage, axial-flow turbine is presented. The turbine was investi- 
gated in argon over a range of inlet pressures from about 1. 0 to 9. 0 psia (0. 68 to 6. 2 
N/cm abs) at design equivalent speed and various pressure ratios. At design equiva- 
lent pressure ratio, this range of inlet pressures corresponds to a range of Reynolds 
number from 18 000 to 177 000. The results of this investigation are presented, and the 
aerodynamic losses are compared with those measured for several other turbines. The 
results of the investigation are summarized as follows: 

1. At design equivalent speed and pressure ratio, there was a 5. 8 percent increase 
in mass flow over the range of Reynolds number covered. This variation occurred be- 
cause of the decreased stator viscous losses and in a manner similar to that predicted 
from reference fluid meter data. 

2. The total efficiency at design equivalent speed and pressure ratio increased from 
0. 82 to 0. 88 over this same Reynolds number range. The corresponding static effi- 
ciency increased from 0. 80 to 0. 86. This increase in efficiency was attributed to the 
associated decrease in viscous losses since the rotor reaction was independent of 
Reynolds number. 
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3. The variation in loss with change in Reynolds number agreed well with a theoreti- 
cal variation wherein 0. 7 of the loss was attributed to viscous losses and the remaining 
0. 3 was attributed to other losses which are independent of Reynolds number. This vari- 
ation is similar to that for two reference radial turbines investigated over a comparable 
range of Reynolds number. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 10, 1967, 

120-27-03-13-22. 
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APPENDIX - SYMBOLS 


2 2 

A flow area, in. (cm ) 
si aspect ratio, h/c 

c chord length, ft (m) 

o 

g gravitational constant, 32. 174 ft/sec 

h blade height, ft (m) 

Ah specific work, Btu/lb (J/g) 

J mechanical equivalent of heat, 778. 029 ft-lb/Btu 
N turbine speed, rpm 

2 

p pressure, psia (N/cm abs) 

Re Reynolds number, w/pr m 

r m mean radius, ft (m) 

T absolute temperature, °R (°K) 

U blade velocity, ft/sec (m/sec) 

V absolute gas velocity, ft/sec (m/sec) 

Vj ideal jet speed corresponding to total- to static -pressure ratio across turbine, 
^/2gJ Ah^, ft/sec (m/sec) 

W relative gas velocity, ft/sec (m/sec) 

w mass flow, lb/sec (kg/sec) 

a absolute gas flow angle measured from axial direction, deg 
y ratio of specific heats 

6 ratio of inlet total pressure to U. S. standard sea -level pressure, p^/p* 

e function of y used in relating parameters to those using air inlet conditions at 

U. S. standard sea -level conditions, y*/yj [(y+ l)/2] y// ^"'^[(y*+ l)/2j^ 

7 1 static efficiency (based on inlet-total- to exit -static -pressure ratio) 

s 

7 ]^ total efficiency (based on inlet-total- to exit-total-pressure ratio) 

8 cr squared ratio of critical velocity at turbine -inlet temperature to critical velocity 

V 



at U. S. standard sea -level temperature, (v cr 
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jul gas viscosity, Ib/(ft)(sec) (kg/(m)(sec)) 

v blade-jet speed ratio, U m /Vj 

p gas density, lb/ft ^ (kg/m 2 *) 

r torque, in. -lb (N-m) 

Subscripts: 
adj adjusted 

cr condition corresponding to Mach 1 

eq air equivalent (U. S. standard sea level) 

id ideal 

ref reference 

1 station at turbine inlet 

2 station at first -stage stator exit 

3 station at first-stage rotor exit 

4 station at second- stage stator exit 

5 station at second- stage rotor exit 
Superscripts: 

' absolute total state 

* U. S. standard sea -level conditions (temperature, 518. 67° R (288. 15° K); pressure, 
14. 70 psia (10. 13 N/cm 2 )) 
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